Abnormal umbilical cord coiling has been associated with adverse neonatal outcomes, but the etiology of these findings remains poorly characterized. This study was undertaken to examine associations between cord coiling and maternal iron (Fe) status and to identify potential determinants of hypo-and hypercoiling in 2 higher risk obstetric groups: pregnant adolescents ( 18 years, n ¼ 92) and adult women carrying twins (n ¼ 49), triplets (n ¼ 11), or quadruplets (n ¼ 1). Umbilical cords were classified as hypo-, normo-, or hypercoiled using digital photographs to assess gross appearance. Hypocoiling and hypercoiling were observed in 44% (n ¼ 86/195) and 13% (n ¼ 26/195) of the combined study population. The prevalence of hypocoiling among women carrying multiples was over 3-fold higher than the prevalence in singleton pregnancies based on the published data. Within the entire study population, hypocoiling was associated with a lower gestational age at birth when compared to normocoiling and hypercoiling (36.3 AE 3.6 weeks [n ¼ 86] vs 37.8 AE 2.7 [n ¼ 83], P <.01, and 38.2 AE 2.6 [n ¼ 26], P <.01, respectively), whereas hypercoiling was associated with significantly lower serum ferritin when compared to normocoiling (P <.01) and hypocoiling (P <.001). In the multiples cohort only, hypercoiling was significantly associated with multiparity (P <.01) and lower birth weight (P <.05). Further studies are needed to identify the determinants and consequences of cord coiling.
Introduction
The helical twist of the umbilical cord is one of the most notable physical aspects of the umbilical cord. Abnormalities in the degree of umbilical cord coiling are easy to screen for and have been linked to a number of adverse birth outcomes including prematurity, 1 spontaneous preterm delivery, 2 low birth weight (LBW), 1 small for gestational age (SGA) infants, [2] [3] [4] [5] and nonreassuring fetal status. 1, [6] [7] [8] [9] [10] It has been proposed that cord coiling may be a result of hemodynamic stress 11, 12 or external forces in utero such as nuchal cords, 13 fetal movement, 14, 15 different umbilical vascular growth rates, 16 muscle fiber morphology, 17 or genetics. 18 The umbilical coiling index (UCI) is defined as the number of umbilical cord twists divided by the length of the cord in centimeters. 19 The UCI at birth has been found to be on average 0.17 AE 0.009 twists/cm, and normal umbilical cord coiling has been defined as a UCI between 0.07 and 0.30 twists/cm. 19 Methods of classifying UCI in literature are variable. Several studies have evaluated the prevalence of hypo-, normo-, and hypercoiling after birth in various singleton populations using predetermined cutoffs. 2, 7, 13, 20, 21 In unselected singleton pregnancies, data indicate that from 72.5% to 80.0% of umbilical cords are normocoiled. 13, 21 Other studies used their own distributions to classify <10th percentile as hypocoiling and >90th percentile as hypercoiling. 1, 6, [8] [9] [10] [22] [23] [24] [25] [26] [27] [28] [29] Hypocoiling of the umbilical cord is commonly defined as a UCI < 10th percentile or less than 0.07 twists/cm. 19 The prevalence of hypocoiled cords in unselected singleton pregnancies ranges from 7.5% to 16 .0% according to the previous literature. 2, 21 Many adverse birth outcomes have been associated with postnatal hypocoiling; key among these are spontaneous preterm delivery, 2 lower Apgar score at 5 min, 2, 6, 7, 20, 22, 27, 29 and nonreassuring fetal status. 1, 6, 8, 9 Like hypocoiling, hypercoiling has also been associated with adverse birth outcomes. Hypercoiling of the umbilical cord is commonly defined as a UCI > 90th percentile or greater than 0.30 twists/cm. 19 Studies have reported that the prevalence of hypercoiling ranges from 6.7% to 20.0% in unselected singleton pregnancies. 2, 21 The adverse birth outcomes that have been associated with postnatal hypercoiling often overlap with those reported for hypocoiling, including lower APGAR score at 5 min 7 and nonreassuring fetal status. 7 Previous findings on adverse birth outcomes associated with hypoand hypercoiling have been summarized by Sebire. 30 The role of the intrauterine environment in fetal growth and development is increasingly recognized. Multiple dietary nutrients including zinc, copper, iron, iodine, vitamin A, choline, and folate have been associated with neonatal outcomes and developmental programming. 31 Iron (Fe) status in particular has been associated with preterm birth (PTB) and LBW. 32 A U-shaped distribution between hemoglobin (Hb) concentrations and adverse outcomes exists, with increased risk of PTB and LBW occurring at both ends of the Hb spectrum. 33 Fe status has also been associated with cognition and infant movement, [34] [35] [36] Fe is known to be essential for optimal brain myelination, and Fe plays a role in dopamine receptors and is integral for other proteins involved in energy metabolism. 36, 37 Pregnant women have increased iron requirements compared to nonpregnant women in order to support the growth of their red blood cell mass, placenta, and fetus, and many do not meet these requirements. 38 Pregnant adolescents are at increased risk of iron deficiency (ID) and iron deficiency anemia (IDA) due to the combined Fe demands of pregnancy and the continued Fe demands of growth that occurs during adolescence. 38, 39 Women carrying multiples and their babies are also at increased risk of IDA because of the high Fe demand of multiple fetuses and due to limited time for in utero Fe accretion, as approximately 60% of women carrying multiples deliver prematurely. [40] [41] [42] [43] Moreover, higher gestational weight gains in women carrying multiples may increase systemic inflammation and hepcidin reducing Fe absorption and release from stores. 38 These 2 groups are also at increased risk of adverse birth outcomes including preeclampsia, LBW, and PTB. [43] [44] [45] [46] [47] [48] At this time, little is known about demographic and nutritional factors that are associated with cord coiling in otherwise healthy higher risk obstetric populations. Our intent was to explore associations between umbilical cord coiling and maternal demographics, maternal Fe status indicators, and neonatal outcomes in 2 higher risk obstetrical cohorts: pregnant adolescents and women carrying multiple fetuses (twins, triplets, and quadruplets).
Methods Subjects
Study participants included in this analysis were recruited as a part of 2 larger studies addressing maternal and fetal bone growth and Fe status in a population of pregnant adolescents ( 18 years of age at study entry) and from a study of Fe homeostasis in women carrying multiples (20-46 years). The institutional review boards at The University of Rochester and Cornell University approved this research, and informed written consent was obtained from all study participants. In pregnant adolescents aged 14 years and younger, both adolescent assent and informed parental or guardian consent were obtained.
Adolescents were recruited from the Rochester Adolescent Maternal Program in Rochester, NY (2006) (2007) (2008) (2009) , and all delivered at Highland Hospital in Rochester, NY. The majority of adolescents were delivered by midwives who tend to delay cord clamping. Adolescents were eligible to participate if they were 18 years of age, !12 weeks of gestation at enrollment into the study, carrying a singleton pregnancy, and otherwise healthy without any diagnosis of HIV infection, eating disorders, diabetes, malabsorption, or other diseases known to impact calcium or Fe homeostasis. Of the 255 adolescents in the study, 92 had pictures of their placenta and umbilical cords taken that were of sufficient quality for the assessment of cord coiling. Subjects with photographs that were not clearly classifiable or those with pictures of insufficient cord length (defined as < approximately 10 cm), or poor visibility of the cord were excluded from the study. All cords were classified by 2 investigators at Cornell and validated by a placental pathologist (PJK) at the University of Rochester. Data on Fe status and other nutritional parameters from this cohort have been previously reported. [49] [50] [51] [52] [53] [54] [55] [56] Data on cord coiling in this population have been previously published only in abstract form. 57 Women carrying multiples (twins, triplets, or quadruplets) were recruited from the University of Rochester Strong Memorial Hospital and Highland Hospital in Rochester, NY (2011 NY ( -2014 . Women (20-46 years) were eligible to participate if they were otherwise healthy, did not have gestational diabetes at enrollment, and had no diagnosed conditions (HIV infection, eating disorders, diabetes or malabsorption, or other diseases known to impact calcium and Fe homeostasis). This study included 83 women and 183 neonates. 58 Data from 49 women and 103 neonates were included in the cord coiling analysis. Of those excluded, 16 babies were excluded due to difficulty in classifying the cords-including a monochorionic monoamniotic pregnancy where a true knot between umbilical cords made it difficult to classify coiling-1 baby was excluded due to intrauterine fetal death, and 73 babies did not have a picture of the umbilical cord available. One umbilical cord had a single umbilical artery and was included after consulting PJK, a pediatric pathologist at the University of Rochester. This cord was classified as normocoiled.
At entry into the studies, participants filled out a series of questionnaires with help from the study personnel to obtain data on self-reported race, ethnicity, age at first menses, and parity. Two adolescents only categorized their ethnicity and not their race; these subjects were excluded from the analyses of race associations. If the gestational age (GA) calculated based on self-reported menstrual history was within 10 days of that derived from the ultrasound measure, GA was based on selfreported menstrual history. If these 2 measures differed by >10 days, data obtained from the earliest ultrasound estimate were used to determine GA. After delivery, neonatal weight and length were abstracted from medical records. In addition, in the multiples, amniotic fluid index (oligohydramnios, normal, or polyhydramnios) was abstracted from ultrasound reports, and nuchal cord data (presence or lack thereof) were abstracted from delivery notes. LBW was defined as <2500 g. PTB was defined as occurring before 37 weeks of gestation. All data were obtained from live births.
Placental Collection and Processing
For the adolescent study, the medical team at Highland Hospital weighed the placenta on site and determined whether it needed to be sent to pathology based on placental, maternal, or neonatal indications. In these instances, the placentas were sent to pathology and were not available for study. In all other deliveries, small aliquots of tissue were collected from the placenta on site for RNA and other biochemical analyses. The remaining placenta and attached umbilical cord were placed into an isotonic placental buffer solution 55 and shipped on ice to Cornell University for digital pictures and physical measures of width, thickness, and length. A penny was placed in the pictures for scaling.
All placentas in the multiples cohort were sent to the Strong Memorial Pathology Department, in accordance with the hospital protocols for multiples, to have a full pathology examination and histological analysis. In addition, as part of our research study, digital pictures of the placentas and their attached umbilical cords were taken carefully staged to produce high-quality pictures consistent with protocols utilized for the National Children's Study. 59 A ruler was included in the picture for scaling. Histological sections were taken of dividing membranes, the umbilical cord and membrane roll, fetal surface, and maternal surface of the placenta. Study findings were dictated by the pathology staff and reviewed by PJK.
Umbilical Cord Coiling Classification
In both groups, umbilical cord coiling was classified based on the gross appearance of the cord and the number of twists per centimeter of the cord. Examples of a hypocoiled, normocoiled, and hypercoiled cord are shown in Figure 1 . Prior data in the literature have classified hypercoiling as >0.30 coils/cm and hypocoiling as <0.07 coils/cm. 19 Noncoiled cords were classified as hypocoiled. A second observer validated each classification. Pictures with discordant classifications were further evaluated by P.J.K. to confirm the classification. In an attempt to ensure that sitting in the isotonic buffer did not impact classification of coiling for the adolescent cohort, a hypocoiled, normocoiled, and hypercoiled cord were placed in the isotonic buffer and refrigerated for 2 additional weeks after coiling classification. Extended time in the isotonic buffer did not change the coiling classification or external appearance of the cord.
Biochemical Analysis of Fe Status
For each study participant, 10 mL to 15 mL of nonfasting maternal blood was obtained during regular prenatal visits and again upon admission to the hospital for delivery. Medical charts were reviewed to abstract additional measures of Hb or hematocrit (Hct) that were obtained as part of standard prenatal care.
Hb in whole blood was assessed in the Strong Memorial Hematology Lab in Rochester, NY, using Clinical Laboratory Improvement Amendments (CLIA) certified procedures. All other biochemical analyses were undertaken at Cornell. Serum ferritin (SF) was assessed using enzyme-linked immunosorbent assay (ELISA; Ramco Laboratories, Inc, Stafford, TX). The cytokine interleukin-6 (IL-6) was analyzed as an indicator of inflammation. This was measured using Magnetic Multiplex Õ MAP kit (Millipore, Billerica, MA) in the teen cohort and a high sensitivity Quantikine Õ ELISA kit (R&D Systems, Inc, Minneapolis, MN) in the multiples cohort.
Maternal anemia was defined using Centers for Disease Control and Prevention (CDC) criteria as a Hb concentration < 11.0 g/dL during the first and third trimester or Hb < 10.5 g/dL during the second trimester. Because African-Americans have Hb values that are on average 0.8 g/dL lower than Caucasians; the anemia cutoff was lowered by 0.8 g/dL for African-American subjects, following CDC recommendations. 60, 61 Data Analysis JMP Pro 11.2.0 was used for all data analyses. Data were analyzed in each of the singleton and multiples cohorts and also in a combined data set for all subjects.
Nonnormally distributed variables were log-transformed to achieve normality of the residuals. Differences in group means of normally distributed variables were compared using regression analyses and t tests. Chi square tests and Fisher's exact test were used for testing associations between categorical variables of interest. In analyses of all variables potentially related to cord coiling classification, multiple linear regression analyses were used to control for GA at the time of measurement (except when comparing preterm to term birth). In addition, we controlled for IL-6 as a marker of inflammation in our analyses involving SF at delivery given that SF is an acute phase protein and is known to increase in response to inflammation, 62 inflammation is associated with preterm delivery, 63 and PTB was prevalent in our study population. Results are presented as the mean AE standard deviation (SD). Statistical significance was defined when P < .05. 
Results
Characteristics of the mothers and neonates in both the adolescent and multiples cohorts are shown in Table 1 . Variation in sample size between different analyses is due to missing data on self-reported questionnaires, inadequate blood volume to undertake all biochemical analyses, or subject loss to follow up. In addition, some adolescents only had biochemical data collected at delivery and not at midgestation. The proportion of hypo-, normo-, and hypercoiling in the adolescent cohort, the multiples cohort, and the combined study population is shown in Table 2 . The prevalence of hypocoiling in our cohort as a whole was 44.1%, significantly higher than the previous highest reported value of 27.7% in a population of singletons with indications for placental pathology services (P < .0001). 2 The prevalence of hypercoiling in the cohort as a whole was 13.3%, a value within the range of previous singleton literature.
Determinants of Cord Coiling in Adolescent Pregnancies
None of the variables traditionally associated with adverse birth outcomes, such as PTB and LBW, varied significantly by cord coiling classification. Of the panel of Fe status indicators measured at midgestation, SF and total body iron (TBI) varied significantly across the 3 cord coiling groups ( Table 3 ). The SF data at midgestation contained an outlier (>4 SD from the mean), but including versus excluding the outlier from analyses made no difference in statistical significance. The hypercoiled group had significantly lower midgestational SF and TBI than the normocoiled group (P ¼ .005 and P ¼ .017, respectively). At delivery, only maternal SF differed significantly across the 3 cord coiling groups (Table 4 ). SF at delivery was significantly lower in the hypercoiled group than in the hypocoiled group, and the difference between the hypercoiled and normocoiled group approached significance (P ¼ .05).
Determinants of Cord Coiling in Multiple Pregnancies
Within our cohort of monochorionic multiples (7 pairs of twins and 1 set of triplets), we assessed discordancy 21 analyzed singleton cohorts of unselected pregnancies, uncomplicated pregnancies, and complicated pregnancies. In de Laat et al., 2 hypocoiling was present in 27.7% of complicated pregnancies; normocoiling and hypercoiling were present in 85.8% and 4.6% of the uncomplicated pregnancies, respectively. In Machin et al., 21 hypocoiling was present in 7.5% of unselected consecutive pregnancies and hypercoiling was present in 21.0% of complicated pregnancies.
between cord coiling classifications of identical siblings in the context of a fixed maternal environment. Four of the monochorionic placentae, including the triplet set, had discordant cord coiling between the 2 or 3 fetuses. The other 4 sets of twins had the same cord coiling classification among siblings.
Among the women carrying multiples, women with hypocoiled cords had a significantly lower average GA at birth compared to the normocoiled group (P ¼ .002) and a significantly higher prevalence of preterm deliveries (P ¼ .004; Table 5 ). PTB occurred in 55% (27/49) of women studied. Twenty-six of the women delivering preterm had indicated deliveries due to preterm premature rupture of membranes, preterm labor, prodromal labor, preeclampsia, intrauterine growth restriction (IUGR), A2 gestational diabetes mellitus, or a combination of these conditions. One woman had a scheduled C-section at 36 6/7 weeks for triplets. Neonatal birth weight was also significantly associated with cord coiling classification in the multiples cohort (Table 5) . Neonates with hypocoiled cords weighed significantly less than those with normocoiled cords (P ¼ .001) but controlling for GA eliminated this significance. At the other extreme, even after controlling for GA, neonates with hypercoiled cords weighed significantly less than those with normocoiled cords (P ¼ .04).
Parity was also associated with cord coiling classification. All 10 neonates with hypercoiled cords were born to mothers who had previously given birth. This 100% prevalence of parity >0 at study entry in the hypercoiled group was significantly different that the 56.1% prevalence of parity >0 in the normocoiled group (P ¼ .002). The iron status indicators that were significantly associated with cord coiling in the adolescent cohort were not found to be significant in the multiples cohort alone. There was no significant relationship in the multiples cohort between amniotic fluid index and cord coiling or between nuchal cord presence and cord coiling. 
Determinants of Cord Coiling in Combined Adolescent and Multiple Cohorts
To take advantage of our entire study population, the 2 obstetric groups were combined, and statistical analyses were repeated. All of the significant findings remained significant when analyzed in the larger group except that cord coiling was no longer found to be significantly associated with neonatal birth weight and parity (significant only in multiples). Two predictors of adverse birth outcomes that were significant in the multiples cohort, GA at delivery and PTB, became more significant when analyses were repeated in the entire study population (Table 5) . Babies with hypocoiled cords had a lower GA at birth and greater incidence of PTB than those in both the normocoiled and hypercoiled groups.
At midgestation, SF and TBI differed significantly among the 3 coiling groups (Table 3 ). Similar to the teen cohort, SF in the entire study population at midgestation was significantly lower in the hypercoiled group than in the normocoiled group (P ¼ .004). TBI in the entire study population was lower in the hypercoiled group than in the normocoiled group, but the relationship only approached significance (P ¼ .05). At delivery, similar associations with maternal SF were evident, but cord coiling was not associated with TBI (Table 4) .
Discussion
Abnormal cord coiling has drawn the attention of placental pathologists because of its association with increased risk of adverse birth outcomes, but little is known about the actual determinants of cord coiling in any population group. 30 In this study of 2 higher risk but otherwise healthy populations, the proportion of hypocoiled cords was higher than expected based on normative data in the literature. On the other hand, the prevalence of hypercoiling in our cohort was within the range of previous literature. Identifying extremes of cord coiling may be of interest given that, in the combined cohort, hypercoiling was significantly associated with lower maternal iron status at both midgestation and delivery as well as with lower birth weight and parity >0 at study entry in the multiples cohort. The association between hypercoiling and lower birth weight remained significant after controlling for GA at birth. At the other extreme, hypocoiling was significantly more common among women who delivered preterm.
The proportion of hypocoiled cords in our combined study population was significantly higher than even the highest value of 27.7% previously published from de Laat et al.'s cohort of pregnancies with indication for placental pathology (P < .0001). 2 Particularly notable was our observation that more than half of the umbilical cords in our multiples subpopulation were hypocoiled, which is over 3-fold higher than the 16.0% prevalence of hypocoiling observed in de Laat et al.'s study of over 800 unselected singleton pregnancies (P < .00001). 2 Lacro et al. also observed an increased prevalence of noncoiled cords in women carrying multiples, a finding they hypothesized could be due to restricted fetal movement in the context of an overly crowded uterine environment. 15 Their speculation may be supported by reports from fetuses with abnormalities that are known to limit fetal movement in utero, such as found in feti with amniotic bands, as this condition has also been reported to be associated with hypo-or noncoiled umbilical cords. 14 Within the multiples cohort, premature delivery was significantly correlated with hypocoiling. Among the women carrying multiples, 55% of women delivered prematurely, consistent with national data on the prevalence of PTB in this group. 43 This relationship between prematurity and hypocoiling became more significant when analyses were repeated in the combined study population even though only 4.3% of the adolescent population with All data are reported as mean AE standard deviation (range) or as a percentage. Values within a row with different superscripts statistically differ from one another, P <.05. All variables were controlled for gestational age at delivery with the exception of preterm birth.
placental tissue available had delivered prematurely. It is possible that the longer a fetus spends in utero, the more time it has to move and possibly induce twisting of the umbilical cord. It has been suggested that cord coiling may be influenced by fetal movement with greater movement being associated with increased cord coiling. 14, 15 Other studies posit that cord coiling is established as early as the first trimester. 64 Our detected association between hypocoiling and PTB is important because PTB is a strong predictor of adverse birth outcomes. 65 Every additional week in utero for early term infants (37-38 weeks) improves birth outcomes, and it is increasingly recognized that even early term infants are at greater risk of adverse outcomes. 66 Umbilical cord coiling can be assessed prenatally using both sonography and Doppler technology. However, the use of UCI as a potential predictor for PTB is limited by the fact that previous studies have found that antenatal UCI is a poor predictor of postnatal UCI. 67, 68 Furthermore, this discussion brings up a series of circular relationships that cannot be distinguished with correlational data. Fetuses with restricted movement (ie, multiples) may be more likely to have hypocoiled cords, fetuses with hypocoiled cords may be at higher risk of PTB, and risk of PTB is known to be much higher in multiples.
At the other extreme, the prevalence of hypercoiling in our study fell within the range of previous literature values. In our cohort of pregnant adolescents, hypercoiling was associated with lower maternal Fe status at midgestation, as indicated by the significant associations between hypercoiling and maternal SF and TBI. These associations remained significant and approached significance, respectively, when both cohorts were combined for the pooled analyses of midgestation indicators. The direction of the change in these Fe status indicators is indicative of an overall deficit in Fe. Although the study size is limited, these findings are novel and warrant further study given the known adverse outcomes associated with both hypercoiling and ID and the known association between ID and increased risk of PTB and LBW. 69 Interestingly, Namli Kalem et al. observed a positive linear relationship between UCI scores and the umbilical cord blood transferrin saturation but no significant relationship between UCI and maternal ferritin. 70 Unfortunately, UCI was analyzed only as a continuous variable as opposed to being classified into hypo-, normo-, and hypercoiled, and it should be noted that the mean UCI in the study (0.30 AE 0.18) was nearly hypercoiled according to the commonly accepted definition of >0.30 coils/cm. We cannot explain why their findings seem to contradict our own. Another study by de Laat et al. found that hypercoiling was associated with chronic fetal hypoxia/ischemia as indicated by an increase in nucleated red blood cells in the fetal circulation of the placental villi. 20 It makes sense that hypercoiling would be associated with both decreased maternal Fe status and chronic fetal hypoxia/ischemia given that insufficient maternal Fe status could lead to fetal anemia and thus hypoxia. One might wonder whether decreased oxygen carrying capacity in the intervillous space somehow influences the development of coiling. Further studies with greater sample sizes are needed to explain the relationship between hypercoiling and Fe status. Hypercoiling was also found to be associated with lower birth weight in the multiples cohort, independent of GA. Given that there is more variability in birth weight in our participants carrying multiples than our teen participants, as would be expected, it is not surprising that this relationship was not observed in the teen cohort or the combined study population. Other studies have found significant associations between postnatal hypercoiling and lower birth weight, 7, 23 lower weight for GA, 20 SGA, 2 and even IUGR. 22, 27 This could be explained by impaired blood flow through the hypercoiled cord, an explanation proposed by Ezimokhai et al. and supported by Nishio et al.'s finding that resistance index in the umbilical artery of growth-restricted fetuses with hypercoiled cords was lower than that in normal fetuses. 16, 23 Hypercoiling in subjects carrying multiples was also highly associated with having previously given birth (parity >0 at study entry). Previous studies that have analyzed this risk factor in singletons did not find any significant relationships between parity and cord coiling. 1, 71 We recognize that maternal age can be a confounding factor for parity but controlling for maternal age had no effect on the significance of the association between parity >0 and hypercoiling. Further studies with greater sample sizes are needed to confirm this relationship.
It has not yet been established whether the determinants of cord coiling are genetic, environmental, or a combination of the 2. Given this gap in the literature, we decided to look at cord coiling within our monochorionic multiple pregnancies, in which siblings are genetically identical. Of the 7 cases of monochorionic twin pregnancies and 1 monochorionic triplet pregnancy studied, 50% had nonidentical umbilical cord coiling despite the identical genetic makeup of the neonates. This allows us to infer that the process of umbilical cord coiling is not fully genetically based. This result is consistent with a previous study on umbilical cord coiling in monochorionic gestations with twin-twin transfusion syndrome (TTTS). 11 This TTTS study found that discordant umbilical cord coiling indices were evident in all of these twins; it is notable that these twins also exhibited very discordant growth. 11 None of our 4 cases of dissimilar cord coiling within the monochorionic pregnancies exhibited growth discordance exceeding 15%.
Our study is not without limitations. We noted a high prevalence of abnormal cord coiling in both groups studied, and additional studies are needed to confirm this finding. In the combined study population, 32 cords were excluded because it was too difficult to classify them based on the available photos. Many of these may have been borderline normal but have been excluded from analysis due to difficulty in distinguishing if these cords were normal or abnormal by assessment of gross morphology. In both cohorts, significant differences were observed between subjects included and excluded from cord coiling analysis. In the teen cohort, the excluded subjects had significantly lower average GA at delivery and higher prevalence of PTB than the subjects included in analyses. This is consistent with the fact that we did not have access to the cords from the adolescents whose placentas were sent to pathology, which would likely lead to an underestimation of cord coiling abnormalities among teens without delivery complications necessitating placental pathology evaluations. The same differences in GA at birth and prevalence of PTB were observed between the excluded and included subjects in the multiples cohort; in addition, the excluded neonates had a significantly lower average birth weight and shorter birth length than those included in this study. In some instances, the umbilical cord had other pathologies that precluded assessment of the cord coiling classification. For example, a case with a lean umbilical cord was excluded based on consultation with P.J.K. who agreed that this pathology might be a confounding factor. An umbilical cord is classified as lean when its cross-sectional area is below the 10th percentile for GA. 72 This loss of data from the most complicated pregnancies, in both the teens and the multiples, resulted in a final sample for analyses composed of those women that had the best obstetric outcomes. For this reason, we hypothesize that the true prevalence of abnormal cord coiling was most likely underestimated. Another limitation is the analysis of gross photographs of the cords instead of real-time evaluation of each cord. Because coiling is a 3-dimensional property, evaluation of the cord at the time of prosection is optimal. A possible confounder in the determination of coiling is that twisting can be variable along any given cord. While in this study the cord coiling was evaluated by looking at the attached cord, there may be segmental hypercoiling that may not have been diagnosed as hypercoiling due to an overall normocoiling pattern in a cord. In addition, we were unable to examine the portion of the umbilical cord left attached to the fetus after the cord was cut. However, if one espouses the hypothesis of Ezimokhai et al. that hypercoiling may impair blood and thus nutrient flow between the placenta and the fetus, then a hypercoiled segment may have the same effect as the entire cord being hypercoiled. 23 Finally, we acknowledge that the study would have been strengthened by inclusion of an adult singleton control group for comparison to our 2 higher risk populations.
In sum, this is the first study to identify an association between umbilical cord coiling and maternal iron status. Low iron status was found to be significantly associated with hypercoiling, 1 of the 2 abnormal extremes of umbilical cord coiling. Further studies are needed to identify the consequences and determinants of cord coiling and potential confounding factors for the relationships we observed between cord coiling and GA at birth, birth weight, and parity.
